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Outline and ObjectivesOutline and Objectives

Learning ObjectivesLearning Objectives
1. Understand that microglial cells comprise the 1. Understand that microglial cells comprise the 
brainbrain’’s immune system. s immune system. 
2. Understand that microglia are the primary 2. Understand that microglia are the primary 
cells engaged in the braincells engaged in the brain’’s response to injury. s response to injury. 
3. Realize that microglial cells are subject to 3. Realize that microglial cells are subject to 
aging and that this may contribute to the aging and that this may contribute to the 
development of agingdevelopment of aging--related neurodegenerative related neurodegenerative 
disease.disease.



DefinitionsDefinitions
Microglia (microglial cells)Microglia (microglial cells):  a population of :  a population of 
nonnon--neuronal (glial) cells in the CNS. neuronal (glial) cells in the CNS. 
Microglia are the brainMicroglia are the brain’’s representatives of s representatives of 
the immune system. They share some the immune system. They share some 
characteristics with white cells of the characteristics with white cells of the 
blood, but have specially evolved to live in blood, but have specially evolved to live in 
the brainthe brain’’s unique microenvironment.s unique microenvironment.



Definitions, contDefinitions, cont’’dd

InflammationInflammation:  The reaction of living :  The reaction of living 
tissues to all forms of injury.tissues to all forms of injury.
Acute Acute versusversus Chronic (beneficial and Chronic (beneficial and 
wound healing wound healing versusversus detrimental and detrimental and 
pathological)pathological)
NeuroinflammationNeuroinflammation: The reaction of living : The reaction of living 
nervous tissue to all forms of injury.nervous tissue to all forms of injury.



Is the brain really Is the brain really ““immunologicallyimmunologically
privilegedprivileged””??

Better graft survivalBetter graft survival
No lymphatic drainage No lymphatic drainage 
No MHC antigensNo MHC antigens
No lymphocytesNo lymphocytes

Blood brain barrier (BBB)Blood brain barrier (BBB)



AllogeneicAllogeneic brain tumors (RG2 glioma) brain tumors (RG2 glioma) 
are subject to spontaneous rejection.are subject to spontaneous rejection.



Brain tumors are infiltrated by microglial Brain tumors are infiltrated by microglial 
cells and peripheral leukocytes.cells and peripheral leukocytes.



Is the brain really Is the brain really ““immunologicallyimmunologically
privilegedprivileged””??

Better graft survival Better graft survival 
No lymphatic drainageNo lymphatic drainage
No MHC antigensNo MHC antigens
No lymphocytesNo lymphocytes

Blood brain barrier (BBB)Blood brain barrier (BBB)



Interstitial Fluid TurnoverInterstitial Fluid Turnover

Cserr et al. Brain Pathol. 2:269-276 (1992)



The perivascular (The perivascular (VirchowVirchow--Robin) Robin) 
space: space: neuroneuro--immune interfaceimmune interface



Is the brain really Is the brain really ““immunologicallyimmunologically
privilegedprivileged””??

Better graft survival Better graft survival 
No lymphatic drainage No lymphatic drainage 
No MHC antigensNo MHC antigens
No lymphocytesNo lymphocytes

Blood brain barrier (BBB)Blood brain barrier (BBB)



The expression of major The expression of major histocompatibilityhistocompatibility complex complex 
(MHC) antigens is increased in the injured CNS.(MHC) antigens is increased in the injured CNS.

Example 1:

Brain tumors

OX-6 for MHC II



The expression of major The expression of major histocompatibilityhistocompatibility complex complex 
(MHC) antigens is increased in the injured CNS.(MHC) antigens is increased in the injured CNS.

Example 2:

Global forebrain ischemia

OX-6 for MHC II

OX-18 for MHC I



The expression of major The expression of major histocompatibilityhistocompatibility
complex (MHC) antigens is increased in the complex (MHC) antigens is increased in the 

injured CNS.injured CNS.

Example 3:

Facial N. axotomy

OX-18 for MHC I



MHC class II antigens are found on both microglia MHC class II antigens are found on both microglia 
and perivascular cells.and perivascular cells.

Control

7 days

27 days



Is the brain really Is the brain really ““immunologicallyimmunologically
privilegedprivileged””??

Better graft survival Better graft survival 
No lymphatic drainage No lymphatic drainage 
No MHC antigensNo MHC antigens
No lymphocytesNo lymphocytes

Blood brain barrier (BBB)Blood brain barrier (BBB)



Lymphocytes infiltrate during CNS Lymphocytes infiltrate during CNS 
pathology.pathology.

Anti-CD3

Anti-CD8

In gliomas:

During 
ischemia:



Lymphocytes infiltrate during CNS pathology, Lymphocytes infiltrate during CNS pathology, 
especially during autoimmune disease, especially during autoimmune disease, 
resulting in perivascular accumulations.resulting in perivascular accumulations.



The brainThe brain’’s immune privilege s immune privilege 
is limited.is limited.

And defined primarily by the And defined primarily by the 
blood brain barrier.blood brain barrier.





Salient facts about microgliaSalient facts about microglia

UbiquitousUbiquitous
NumerousNumerous
PlasticityPlasticity
Immune competenceImmune competence
Self renewalSelf renewal



Microglia constitute a specialized Microglia constitute a specialized 
population of immune competent population of immune competent 
effector cells in the normal brain.effector cells in the normal brain.

GSI-B4-HRP, rabbit cortex



What is microglial activation?What is microglial activation?
It is part of the reactive gliosis that occurs invariably It is part of the reactive gliosis that occurs invariably 
during CNS pathology.during CNS pathology.
It affects:It affects:

1)1) cell shapecell shape
2)2) cell number (mitosis)cell number (mitosis)
3)3) phenotype (pattern of surface antigen expression)phenotype (pattern of surface antigen expression)
4)4) secretorysecretory activity (production of cytokines and growth activity (production of cytokines and growth 

factors).factors).
It is likely triggered by signals coming from neurons It is likely triggered by signals coming from neurons 
(neuron(neuron--microglia interactions).microglia interactions).



The facial nerve axotomy paradigmThe facial nerve axotomy paradigm



Characteristics of facial nerve Characteristics of facial nerve 
modelmodel

ReproducibilityReproducibility
Remote lesionRemote lesion
Intact blood brain barrierIntact blood brain barrier
Endogenous glial responseEndogenous glial response
Neuronal regenerationNeuronal regeneration
NeuronNeuron--glia interactionsglia interactions



Mechanisms of PNS RegenerationMechanisms of PNS Regeneration

PNS neuronsPNS neurons
-- ability to express proability to express pro--regenerative genesregenerative genes
PNS gliaPNS glia
-- SchwannSchwann cells provide guidance, ECM molecules, trophic factorscells provide guidance, ECM molecules, trophic factors
-- Macrophages Macrophages phagocytosephagocytose debrisdebris



Mechanisms of PNS RegenerationMechanisms of PNS Regeneration

PNS neuronsPNS neurons
-- ability to express proability to express pro--regenerative genesregenerative genes
CNS gliaCNS glia
-- are activated following neuronal injuryare activated following neuronal injury



OXOX--42 immunohistochemistry reveals hypertrophy 42 immunohistochemistry reveals hypertrophy 
and hyperplasia of microglial cells after axotomyand hyperplasia of microglial cells after axotomy

Control 24h post-axotomy 4 days post-axotomy



Microglial Microglial ImmunophenotypeImmunophenotype

Complement ReceptorsComplement Receptors
FcFc ReceptorsReceptors
ImmunoglobulinsImmunoglobulins
Major Major HistocompatibilityHistocompatibility Complex (MHC) Complex (MHC) 
Antigens Class I and Class IIAntigens Class I and Class II
CD4 AntigenCD4 Antigen
Leukocyte Common Antigen (CD45, Leukocyte Common Antigen (CD45, 
CD3?)CD3?)
IntegrinsIntegrins



Mitosis is part of microglial Mitosis is part of microglial 
activationactivation

Cytoplasm

Nucleus

3H-thymidine incorporation autoradiography

Systemic 
colchicine





Axotomized motoneurons are 
ensheathed by perineuronal microglia

MN



Perineuronal, activated microglia displace 
synaptic contacts on axotomized 

motoneurons

MN

m

Axon terminal

control 4 days

Synaptophysin immunohistochemistry



Progressive microglial activation postProgressive microglial activation post--
axotomy is accompanied by increased axotomy is accompanied by increased 

expression of TGFexpression of TGF--ββ1 mRNA1 mRNA



The microglial response to motoneuron The microglial response to motoneuron 
axotomy is proaxotomy is pro--regenerative, becauseregenerative, because……....

1) Motoneurons regrow
severed axons and 
reinnervate muscles 
resulting in restoration 
of function.

2) Microglial reaction 
subsides once target 
reinnervation occurs.

3) Microglia produce TGF-
β1, a growth factor for 
motoneurons.

4) Microglia protect injured 
neurons from excitatory 
synaptic input.



So, are activated microglia are our So, are activated microglia are our 
neuronsneurons’’ friends?friends?

I think so.



Reactive gliosis, neuroinflammation, and Reactive gliosis, neuroinflammation, and 
CNS autoimmune diseaseCNS autoimmune disease

Reactive gliosisReactive gliosis: occurs during all pathological : occurs during all pathological 
insults to the CNS; triggered by altered neuronal insults to the CNS; triggered by altered neuronal 
signaling.signaling.
NeuroinflammationNeuroinflammation: popular, but non: popular, but non--specific specific 
term currently in use to include reactive gliosis. term currently in use to include reactive gliosis. 
Not used to discriminate between Not used to discriminate between ““response to response to 
injuryinjury”” and and ““autoimmune attackautoimmune attack””..
CNS autoimmune diseaseCNS autoimmune disease: occurs to a very : occurs to a very 
limited extent. The only limited extent. The only goodgood example is multiple example is multiple 
sclerosis.sclerosis.



Microglia and AgingMicroglia and Aging

Current viewCurrent view:  There is microglial activation :  There is microglial activation 
(neuroinflammation) with aging.(neuroinflammation) with aging.



There is an increase of HLAThere is an increase of HLA--DR (MHC II)DR (MHC II)--positive positive 
microglia in the brain with aging.microglia in the brain with aging.

2-month-old 38-year-old

68-year-old 94-year-old



Microglial morphology and phenotype Microglial morphology and phenotype 
change with aging.change with aging.

38 year-old 94 year-old



Progressive microglial activation with aging is Progressive microglial activation with aging is 
unexplained.unexplained.

In: Microglia in the regenerating and degenerating central 
nervous system. Streit, W.J. (ed.), Springer Verlag, New York, 
2002, pp 275-305.



Is there really progressive Is there really progressive 
microglial activation with aging?microglial activation with aging?



The aging brain contains deformed The aging brain contains deformed 
(dystrophic) microglia.(dystrophic) microglia.



Incidence of dystrophic microglia increases with Incidence of dystrophic microglia increases with 
age.age.

Table 1. Patient data and quantification of dystrophic microglia.

Age Sex Race PMI Cause of Death

Instances of 
Dystrophic 
Microglia

38 Male White < 7 h
Acute Cardiac 
Dysrhythmia 9

68 Male White 6 h Neck Fracture due to MVA 83

PMI: Post-mortem Interval MVA: Motor Vehicle Accident



Some dystrophic microglia are Some dystrophic microglia are 
deramifiedderamified..



Other structural abnormalities that occur in microglia with Other structural abnormalities that occur in microglia with 
aging include spheroids and cytoplasmic fragmentations.aging include spheroids and cytoplasmic fragmentations.



With aging there is microglial dystrophy, not With aging there is microglial dystrophy, not 
hypertrophy.hypertrophy.



Aging



Are microglia 
undergoing cell 

senescence?



Why is it important to study how the Why is it important to study how the 
brainbrain’’s immune system ages?s immune system ages?

There is reason to think that microglia are There is reason to think that microglia are 
important for neurons to survive.important for neurons to survive.
Microglia are the only mature cell type in Microglia are the only mature cell type in 
the brain that can divide. Are they subject the brain that can divide. Are they subject 
to replicative senescence?to replicative senescence?



Replicative senescence:Replicative senescence:
All All mitoticallymitotically active, nonactive, non--

cancerous cells can undergo cancerous cells can undergo 
only a limited number of cell only a limited number of cell 

divisions before they die.divisions before they die.



Ways to look at cell senescenceWays to look at cell senescence

Proliferation assays Proliferation assays in vivo and in vivo and in vitro
(microglia divide after neuronal injury)

Cell morphology
(microglia become dystrophic in the aged brain)

Measurement of telomere length and 
telomerase activity
(microglial telomeres shorten with time in vitro)

Biochemical and genetic changes



TelomeresTelomeres
Specialized structures at physical ends of Specialized structures at physical ends of 
chromosomeschromosomes
Vertebrate telomeres:  (TTAGGG)Vertebrate telomeres:  (TTAGGG)nn

SpeciesSpecies--specific lengthspecific length
–– 5 5 -- 20kb (humans)20kb (humans)
–– 20 20 -- 150kb (mice)150kb (mice)

Loss of 50 Loss of 50 -- 200 200 bpbp telomerictelomeric
DNA/cell divisionDNA/cell division
–– Young human fibroblasts (20 Young human fibroblasts (20 -- 25 kb)25 kb)
–– Senescent human fibroblasts (4 Senescent human fibroblasts (4 -- 10 kb)10 kb)

Telomeres erode until one telomere Telomeres erode until one telomere 
reaches criticallyreaches critically--short length short length 
((HayflickHayflick Limit), then cell enters Limit), then cell enters 
senescence.senescence.



TelomeraseTelomerase

Ribonucleoprotein enzyme complexRibonucleoprotein enzyme complex
–– RNA component (RNA component (hTRhTR))

Expressed in all cellsExpressed in all cells
–– Protein component (Protein component (hTRThTRT))

Only expressed in Only expressed in gameticgametic cells, stem cells, certain cells, stem cells, certain WBCWBC’’ss, and cancer, and cancer
–– Mediates RNAMediates RNA--dependent synthesis of telomeric DNAdependent synthesis of telomeric DNA

Prevents telomere shorteningPrevents telomere shortening



Microglial cells have telomeres.Microglial cells have telomeres.

Flanary and Streit, Glia 
45:75-88, 2004 



Microglia Telomere Microglia Telomere 
LengthLength

ControlControl
–– DecreasesDecreases with time in culturewith time in culture
–– Cells senesce before day 32 Cells senesce before day 32 in vitroin vitro

CSFCSF--treatedtreated
–– Longest telomeres shortenLongest telomeres shorten
–– Shortest telomeres lengthenedShortest telomeres lengthened
–– Cells senesce Cells senesce ∼∼ d. 32d. 32

0

5

10

15

20

25

30

35

40

45

Te
lo

m
er

e 
Le

ng
th

 (k
b)

Longest 32.9 33.4 41.9 31.1 30.2
Mean 29.6 29.4 32.7 30.2 29.0
Shortest 22.3 16.0 14.4 23.5 26.6

CON 1 CON 16 CSF 1 CSF 16 CSF 32



Does microglial telomere Does microglial telomere 
shortening happen shortening happen in vivo?in vivo?
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The role of microglia in AlzheimerThe role of microglia in Alzheimer’’s s 
diseasedisease



Old age and presence of Old age and presence of 
intracerebral amyloid are major intracerebral amyloid are major 

risk factors for ADrisk factors for AD
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Aging

Genetic 
factors

Epigenetic 
factors increased neurotoxicity

amyloid overproduction

Amyloid Cascade-
Neuroinflammation
Hypothesis of 
Alzheimer’s Disease

glial inflammation



Comparison of microglial activation with amyloid Comparison of microglial activation with amyloid 
depositiondeposition

ND AD

ND AD



Comparison of microglia in AD and ND 
brain (LN-3 immunohistochemistry)

ND AD

Compare that to 
acute microglial 
activation during 
ischemia:

control

4 days

CA1, rat

Superior frontal gyrus Superior frontal gyrus



Presence of extracellular amyloid deposits 
causes clustering of microglia

LN3/CV

LN3/10D5

LN3/10D5





Microglial spheroids and fusions



Other microglial abnormalities 
indicate that there is widespread 

microglial degeneration in AD brain.



Dystrophic microglia are more numerous in AD 
brain.
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Chart 1.  Instances of microglial 
abnormalities in human brain.

Spheroids 89 71 10 38

Fragmentations 22 19 9 11
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(ND)

99-14 
(ND)



There is microglial apoptosis in AD.
LassmannLassmann et al., et al., Acta Neuropathol. 89:35-41, 1995.
Yang et al., Am J Yang et al., Am J PatholPathol 152:379152:379--389, 1998. 389, 1998. 
JellingerJellinger and and StadelmannStadelmann, J Neural , J Neural TransmTransm SupplSuppl (60):21(60):21--36, 36, 
20002000



Microglial degeneration may occur 
in distinct stages
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decreased amyloid clearance

-increased neurotoxicity
-decreased trophic support

amyloid overproduction

Microglial Dysfunction 
Hypothesis of 
Alzheimer’s Disease



What could account for 
microglial degeneration?

AgingAging
AmyloidAmyloid
Cell senescenceCell senescence
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